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Abstract 
Background: Changes in foliar nitrogen (N) and phosphorus (P) stoichiometry play important roles in predicting the 
effects of global change on ecosystem structure and function. However, there is substantial debate on the effects of P 
addition on foliar N and P stoichiometry, particularly under different levels of N addition. Thus, we conducted a global 
meta-analysis to investigate how N addition alters the effects of P addition on foliar N and P stoichiometry across dif-
ferent rates and durations of P addition and plant growth types based on more than 1150 observations.
Results: We found that P addition without N addition increased foliar N concentrations, whereas P addition with 
N addition had no effect. The positive effects of P addition on foliar P concentrations were greater without N addi-
tion than with N addition. Additionally, the effects of P addition on foliar N, P and N:P ratios varied with the rate and 
duration of P addition. In particular, short-term or low-dose P addition with and without N addition increased foliar N 
concentration, and the positive effects of short-term or low-dose P addition on foliar P concentrations were greater 
without N addition than with N addition. The responses of foliar N and P stoichiometry of evergreen plants to P addi-
tion were greater without N addition than with N addition. Moreover, regardless of N addition, soil P availability was 
more effective than P resorption efficiency in predicting the changes in foliar N and P stoichiometry in response to P 
addition.
Conclusions: Our results highlight that increasing N deposition might alter the response of foliar N and P stoichi-
ometry to P addition and demonstrate the important effect of the experimental environment on the results. These 
results advance our understanding of the response of plant nutrient use efficiency to P addition with increasing N 
deposition.
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Introduction
Human activities, including the increased use of arti-
ficial fertilizers and fossil fuel combustion, have led to 
increased concentrations of atmospheric reactive nitro-
gen (N) (Liu et al. 2013; Peñuelas et al. 2013). In contrast, 
atmospheric phosphorus (P) deposition has remained 
relatively constant (Mahowald et al. 2008; Peñuelas et al. 
2013). An imbalance in anthropogenic N and P inputs 
may shift plants from N-limited growth or N- and P-co-
limited growth to P-limited growth (Jiang et  al. 2019; 
Li et  al. 2016; Peñuelas et  al. 2013; Du et  al. 2020). To 
improve our understanding of the P deficiency caused 
by human-induced imbalances in N and P inputs, many 
studies have investigated how P addition affects ecosys-
tem processes and functions, such as foliar N and P stoi-
chiometry (Mayor et  al. 2014; Mo et  al. 2019; Ostertag 
2010; Yan et al. 2015). The ratio of foliar N to P indicates 
the ability of plants to maintain their internal chemical 
stoichiometry (Demars and Edwards 2007) and sheds 
light on the possible adaptation of plants to future envi-
ronmental changes (Elser et  al. 2010), but the effects of 
P addition on global foliar N and P stoichiometry remain 
unclear. It is well known that P addition can relieve P lim-
itations in terrestrial ecosystems and profoundly alter the 
structure and function of ecosystems (Li et al. 2016; Mao 
et al. 2016) as well as influence the cycling of N (Rejmánk-
ová and Snyder 2008; Yuan and Chen 2015b). Therefore, 
comprehensive analysis of foliar N and P stoichiometry 
in response to P addition is important for understanding 
how plants will adapt to future environmental changes.
Many studies have focused on N and P stoichiom-
etry because of its strong relationship with basic eco-
system functions, such as primary productivity and 
decomposition (e.g., Elser et  al. 2010; Mayor et  al. 
2014; See et  al. 2019). These studies have shown that 
foliar N and P stoichiometry is strongly mediated by 
biotic factors, e.g., plant species traits (Mao et al. 2016; 
Mayor et al. 2014) and growth type (Reich et al. 2009; 
Yuan and Chen 2015b), and by abiotic factors, e.g., 
geography (Yue et  al. 2019) and climate (Chen et  al. 
2013; Sardans et al. 2016; Viciedo et al. 2021). To date, 
numerous experimental studies have focused on how P 
addition affects foliar N and P stoichiometry, but their 
results are inconsistent (Gao et  al. 2018; Iversen et  al. 
2010; Mayor et  al. 2014; Ostertag 2010). For instance, 
the responses of foliar N concentration to P addi-
tion were found to be neutral (Gao et  al. 2018; Mayor 
et al. 2014), negative (Ostertag 2010) and even positive 
(Iversen et al. 2010). These results indicate that various 
factors (including N addition and experimental design) 
and biochemical processes (including nutrient resorp-
tion) might also influence foliar N and P stoichiometry 
in response to P addition (Townsend and Asner 2013; 
Yue et  al. 2019). For example, foliar P concentrations 
increased in response to N addition due to alterations 
in phosphatase activity (Fujita et al. 2010; Marklein and 
Houlton 2012) and mycorrhizal activity (Rowe et  al. 
2008) and promoted the rate of organic matter release 
(Knorr et al. 2005). These findings suggest that foliar N 
and P stoichiometry may vary in response to P addition 
with and without N addition (Li et al. 2016). However, 
there is a lack of information on the global patterns of 
N addition that mediate the responses of foliar N and 
P stoichiometry to P addition. Furthermore, the change 
in foliar N and P stoichiometry in response to P addi-
tion may depend on the experimental design, including 
the rate and duration of P addition and plant growth 
type. For instance, P addition can promote foliar N con-
centrations by enhancing soil N availability (Reed et al. 
2007; Rejmánková and Snyder 2008) or N resorption 
efficiency (NRE) (Huang et  al. 2016; Yan et  al. 2015), 
but which will be used for assimilation and thus diluted 
by biomass as P availability is continuously increased. 
Thus, a global analysis is needed to generalize the 
response patterns of foliar N and P stoichiometry to P 
addition with and without N addition among various 
experimental design parameters.
Because the N and P dynamics are tightly coupled in 
ecosystem processes (Ågren et  al. 2012), understand-
ing the mechanisms through which plants maintain the 
N and P balance in their leaves in response to P addition 
is challenging (Li et al. 2016; Yue et al. 2019). For exam-
ple, in nutrient-poor soil, plants maintain their growth 
mainly through nutrient reabsorption, while in nutrient-
rich soils, plants might take up new nutrients through 
their roots to maintain growth and development (Aerts 
and Chapin III 1999; Wright and Cannon 2001). P addi-
tion may allow plants to take up more P from soil, and 
thereby reduces their dependence on internal P recy-
cling (Gao et al. 2018; Mao et al. 2015; Yan et al. 2015). 
Theoretically, as discussed above, to alleviate N defi-
ciency caused by P addition, plants can take up more N 
from the soil, improve their NRE or use a combination of 
these two strategies (Huang et al. 2016; Reed et al. 2007; 
Rejmánková and Snyder 2008; Yan et al. 2015). Given the 
complex relationship between N and P cycling, how soil 
nutrient availability and nutrient resorption efficiency 
maintain the balance in the foliar N and P stoichiometry 
remains unclear, and predicting the changes in this stoi-
chiometry after P addition is not easy.
In this study, we aimed to determine whether and how 
P addition with and without N addition affects foliar 
N, P concentrations, and N:P ratios. We hypothesized 
that (1) the response of foliar N and P stoichiometry 
to P addition will decrease with N addition and (2) the 
rate and duration of P addition will increase the effects 
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of P addition, and the effects of P addition will depend 
on plant growth type. To test these two hypotheses, we 
asked the following questions: (1) what are the global pat-
terns of the responses of foliar N and P stoichiometry, 
nutrient resorption efficiency and soil N and P availabili-
ties to P addition with and without N addition? (2) What 
factors regulate the effects of P addition on foliar N and P 
stoichiometry? (3) How do plants maintain the balance of 
foliar N and P in response to P addition?
Materials and methods
Dataset assembly
Google Scholar, Web of Science and China National 
Knowledge were used to search for peer-reviewed pub-
lications published before 2020. A database was estab-
lished through literature collection, and this database 
included all research results on the effects of P addition 
on the foliar N and P stoichiometry, NRE, P resorption 
efficiency (PRE), and soil-available N and P concentra-
tions. We used the following search string to identify 
the studies: “Phosphorus addition or Phosphorus depo-
sition or Phosphorus supply or Phosphorus enrichment 
or Phosphorus fertilization or Nitrogen + Phosphorus 
addition or Nitrogen + Phosphorus deposition or Nitro-
gen + Phosphorus enrichment or Nitrogen + Phosphorus 
supply or Nitrogen + Phosphorus fertilization, foliar N 
and P stoichiometry, foliar N and P concentrations, foliar 
N:P ratios, N and P resorption efficiency”.
The following criteria were used to minimize publi-
cation bias in the collected literature: (1) if only P was 
added, the experiment must have included a P addition 
treatment and a control treatment, whereas if the experi-
ment included P addition combined with N addition, 
then the experiment must have included an N addition 
treatment and an N + P addition treatment. (2) The data 
had to include P addition effects on foliar N and P stoi-
chiometry. (3) The data on foliar N and P stoichiometry 
in response to P addition must have been obtained at 
the community level or at the species level and derived 
from mature leaves. (4) The data must have been derived 
from measured data, i.e., empirical studies (Gao et  al. 
2018; Mao et al. 2016). (5) If the experimental data of the 
same site were published in multiple journals, we used 
the mean for statistical analysis. (6) If the original study 
included multiple P addition treatments or N + P addi-
tion treatments or multiple sampling occasions over time, 
we treated them as separate observations. (7) The data 
had to include the mean, sample size and standard devia-
tion (SD) or standard error (SE). In addition, to under-
stand whether and how factors influence the response of 
foliar N and P stoichiometry to P addition, we gathered 
other site-specific information from each selected study. 
For example, we collected data on experimental design 
parameters (i.e., P addition rates, experiment duration, 
and plant growth types), geographic factors [i.e., alti-
tude (m), longitude (°) and latitude (°)] and climatic fac-
tors [i.e., mean annual temperature (MAT, °C) and mean 
annual precipitation (MAP, mm)]. If needed, the GetData 
Graph Digitizer (version 2.24, Russian Federation) was 
used to extract data presented in graphs.
In total, data from 168 articles, i.e., 48 articles on P 
addition without N addition and 120 articles on P addi-
tion with N addition, were collected. The latitudes of the 
sample sites for the observations ranged from 80.00° S to 
159.22° N; the longitude values ranged from 159.69° W to 
144.72° E (Additional file 1: Fig. S1); the altitudes of the 
sample sites ranged from 2 to 3650  m; the MAT values 
were in the range of – 10–28.6  °C; and the MAP values 
ranged from 130 to 4300 mm. This information indicates 
that our sample observations from experimental sites 
cover different biogeographical regions and ecosystems. 
To quantify the response of foliar N and P stoichiom-
etry to P addition with and without N addition, we first 
grouped the data into a P addition without N addition 
group and a P addition with N addition group (sensu 
Li et  al. 2016). The P addition with N addition group 
included N addition alone and combined N and P addi-
tion treatments; and the effects of P addition were then 
calculated based on the treatments consisting of only N 
addition (the control treatment) and the combination of 
N and P addition (the P addition treatment). Addition-
ally, to understand how experimental design parameters 
affect the effect size of P addition with and without N 
addition, we divided the data into multiple subgroups. 
The P addition rates were divided into four classes 
(< 5  g   m−2, 5–10  g   m−2, 10–15  g   m−2, and > 15  g   m−2), 
and experimental duration was divided into two sub-
groups (≤ 3 years vs. > 3 years) based on a previous study 
(Li et  al. 2016). Experimental test subjects were divided 
into the community and species levels, and plant growth 
types were further divided into evergreen plants, decidu-
ous plants, coniferous plants, graminoids and forbs (Yuan 
and Chen 2015b).
Meta‑analysis
We quantified the effects of P addition by calculat-
ing the natural log of the response ratio (RR) (Hedges 
et al. 1999). The RR was calculated as lnRR = ln (Xt/Xc), 
indicating the responses of the target variable to the 
experimental treatment, in this equation, Xt represents 
the mean value of the treatment group, and Xc repre-
sents the mean of the control group. The variance of 
each RR was calculated from the SD and sample size of 
each independent target variable. To increase the cred-
ibility of the RR and quantify the significance of the RR, 
we calculated the weighted RR and the 95% confidence 
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interval (95% CI) using Meta-Win 2.1 software (Sinauer 
Associates, Inc. Sunderland, MA, USA). If the 95% CI 
of the weighted RR did not overlap with 1, the weighted 
RR of the P addition treatment relative to the control 
treatment was considered significantly negative or posi-
tive. Furthermore, to compare the effects of P addition 
with and without N addition on the target variables 
and to examine how experimental design parameters 
affect the effects of P addition, we assessed the differ-
ences between the subgroups based on the heteroge-
neity between (Qbetween) and within (Qwithin) subgroups 
(Hedges et  al. 1999). According to the Chi-square test 
of the sum of squares between groups, if the 95% CIs 
of the subgroups did not overlap, the effects of P addi-
tion on the target variables were significantly different 
between subgroups (Deng et al. 2017).
Sensitivity analysis and publication bias
We conducted a sensitivity analysis to determine 
whether the independent individual experiments 
from previous studies affected the results of our study 
(Koricheva and Gurevitch 2014; Yue et al. 2017). First, 
we calculated the weight value of the target varia-
bles in response to P addition using a mixed model to 
minimize the occurrence of extreme variable effects. 
Second, we repeated the analysis of the results and 
determine the weighted RR by randomly sampling the 
case studies from each original study. The findings of 
these analyses indicated that reducing the number of 
observation samples did not affect the weighted RR 
results in our study (Additional file  1: Fig. S2). Fur-
thermore, based on a previous study (Lu et al. 2011), a 
curve fitted by the Gaussian function was used to test 
the normal distribution of the main variable data, and 
the results of this analysis indicated that there is no 
publication bias in our results (Additional file  1: Fig. 
S3).
Statistical analysis
First, we performed a Pearson correlation analysis to 
assess the relationships between the RR of foliar N and 
P stoichiometry and soil nutrient availability (soil N and 
P availability) and nutrient resorption efficiency (NRE 
and PRE) and found that the RR of foliar N and P stoi-
chiometry was mostly correlated with the soil P availa-
bility and PRE (Additional file 1: Table S2). A regression 
analysis was then performed to further quantify the 
relationships between these variables. Considering the 
relationships between variables, we performed partial 
least squares (PLS) regression in SIMCA 14.0 (Umet-
rics, Umeå, Sweden) to estimate the relative importance 
of these factors to the RR of foliar N and P stoichiom-
etry under P addition with and without N addition. We 
used the PLS standardized coefficients to determine the 
directions and magnitudes of the effects of these vari-
ables in explaining the response ratio of foliar N and P 
stoichiometry, and the relative importance of these fac-
tors was evaluated based on the variable importance 
values. The correlation analyses and regression analy-
ses were conducted with SPSS software (SPSS 20.0 for 
Windows; SPSS Inc., Chicago, IL, USA), and the graphs 
were drawn using Origin (version 8.0).
Results
Comparison of the effects of P addition with and without N 
addition
On a global scale, P addition significantly enhanced foliar 
N concentrations by 1.9%, foliar P concentrations by 
57.7%, NRE by 5.9%, and soil P availability by 251.4% but 
decreased the foliar N:P ratio by 36% and PRE by 8.8% 
(Fig.  1a). However, P addition without N addition pro-
moted observable increases in the foliar N concentrations 
and NRE (Fig. 1b, c). Furthermore, the positive effects of 
P addition on foliar P concentrations were greater with-
out N addition than with N addition, whereas the oppo-
site pattern was found for the soil P availability (Fig. 1b, c, 
Additional file 1: Table S1). Moreover, P addition reduced 
the N:P ratio and PRE, but these effects were not regu-
lated by N addition (Fig. 1bc, Additional file 1: Table S1).
Factors influencing the effects of P addition 
with and without N addition
The changes in the foliar N concentrations in response to 
P addition with and without N addition were significantly 
affected by the experimental design parameters (Fig.  2, 
Additional file  1: Table  S1). P addition rates less than 
5  g   m−2, significantly increased the foliar N concentra-
tions, and the effect showed an evident difference among 
different P addition rates with N addition (Fig. 2, Addi-
tional file  1: Table  S1). Additionally, P addition clearly 
increased foliar N concentrations with and without N 
addition in the experiments with durations ≤ 3  years. 
The response of foliar N concentrations to P addition did 
not differ significantly between the plant community and 
species levels, and P addition without N addition mark-
edly enhanced the foliar N concentration. However, P 
addition significantly increased the foliar N concentra-
tions in evergreen plants and not in other plant growth 
types. Moreover, P addition affected foliar N concentra-
tion at the community level, and the foliar N concentra-
tion in evergreen plants was higher without N addition 
than with N addition (Fig. 2, Additional file 1: Table S1).
In general, P addition with and without N addi-
tion clearly enhanced foliar P concentrations under all 
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conditions, but significant differences were found among 
the experimental durations, P addition rates, and plant 
growth types (Fig.  3, Additional file  1: Table  S1). For 
example, the increases in foliar P concentrations were sig-
nificant for all P addition rates, and the greatest increase 
were obtained when P exceeded 15  g   m−2. However, P 
addition evidently promoted foliar P concentrations at 
the community and species levels, but no significant dif-
ferences were found between the community level and 
the species level. Additionally, we found that the positive 
effects of short-term (≤ 3 years) or low-dose (< 5 g  m−2) P 
addition on foliar P concentrations were greater without 
N addition than with N addition (marginally significant 
differences were found with the low-dose P addition). 
Moreover, the P-induced increases in foliar P concentra-
tions at the species level and in evergreen plants were 
greater without N addition than with N addition (Fig. 3, 
Additional file 1: Table S1).
Overall, the foliar N:P ratios were clearly decreased by 
P addition with and without N addition, regardless of the 
experimental duration, P addition rate, and plant growth 
type (Fig.  4, Additional file  1: Table  S1). In addition, the 
effects of P addition with and without N addition on the 
RRs differed significantly among different P addition rates 
and plant growth types. However, regardless of N addition, 
the effects of P addition were not significantly different 
between the community and species levels. Furthermore, 
the changes in the foliar N:P ratios of evergreen plants in 
response to P addition were greater without N addition 
than with N addition (Fig. 4, Additional file 1: Table S1).
Relationships between foliar N and P stoichiometry 
and environmental factors
The correlation analysis showed that the RR of foliar N 
and P stoichiometry was mostly correlated with the soil 
P availability and PRE (Additional file  1: Table  S2). The 
regression analysis revealed that under P addition with N 
addition, the RRs of the foliar P concentrations increased, 
but the foliar N:P ratios decreased with increasing PRE 
(R2 = 0.063, 0.05; both p < 0.05, Fig.  5b, c). Additionally, 
increases in the soil P availability induced increases in the 
foliar N (except N concentration under P addition with 
N addition, R2 = 0.02) and P concentrations (R2 = 0.172, 
0.118), whereas the foliar N:P ratios (R2 = 0.198, 0.141) 
decreased under P addition without and with N addi-
tion (all p < 0.05, Fig. 5d–f). Furthermore, the PLS analy-
sis showed that regardless of N addition, the effects of P 
addition on foliar N and P stoichiometry were strongly 
driven by the soil P availability and not by the PRE, 
because the soil P availability directly regulated the PRE 
(Fig. 6, Additional file 1: Table S2).
Discussion
Effects of P addition on foliar N and P stoichiometry
Previous studies showed that P addition evidently 
improved foliar P concentrations, but only slightly 
Fig. 1 Effects of phosphorus (P) addition on the foliar nitrogen (N) concentrations (foliar N), foliar P concentrations (foliar P), foliar N to P ratios (foliar 
N:P), N resorption efficiency (NRE), P resorption efficiency (PRE), soil N availability (soil N) and soil P availability (soil P). a Total effects of P addition 
(black solid dots), b effects without N addition (green solid dots), and c effects with N addition (blue solid dots). The solid dots with error bars 
represent the effects of P addition with the 95% confidence intervals, and the numbers outside and inside the parentheses represent the effect 
sizes and sample sizes, respectively. ** indicates that the effects of P addition with N addition on target variables are significantly different from the 
effects of P addition without N addition
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affected N concentrations and thus distinctly decreased 
the N:P ratios (Li et al. 2016; Mayor et al. 2014; Yuan and 
Chen 2015b). However, we found that the positive effects 
of P addition on foliar N concentrations were weaker 
than those on foliar P concentrations, which yielded sig-
nificant reductions in the foliar N:P ratios at the global 
scale (Fig. 1). These results can be explained by the find-
ing that P addition significantly promoted soil P availabil-
ity (Fig. 1), which alleviated P limitation but resulted in 
N deficiency in plants. To compensate for N deficiency 
and to maintain a balance between N and P in leaves, 
plants will alter their nutrient use efficiencies and nutri-
ent resorption efficiency (He and Dijkstra 2015; Houlton 
et  al. 2008; Iversen et  al. 2010; van Huysen et  al. 2016). 
For instance, our study also demonstrated that P addi-
tion promoted increases in the foliar P concentration 
by improving soil P availability but may have increased 
the foliar N concentration by promoting NRE (Figs.  1, 
5). Additionally, previous studies have shown that P 
enrichment can extensively improve soil P availability 
and therefore increase foliar P concentrations (Gao et al. 
2018), whereas P addition can also clearly enhance the 
availability of soil N (Reed et  al. 2007; Rejmánková and 
Snyder 2008) or NRE (Huang et al. 2016; Yan et al. 2015) 
to increase foliar N concentrations. Thus, these findings 
reveal that P addition not only changes the cycling rate 
or pathway of N and P but also induces plants to medi-
ate their nutrient use efficiency to support the balance 
between foliar N and P.
However, when considering the effects of P addition 
with and without N addition on foliar N and P stoichi-
ometry, we found two interesting phenomena. First, 
P addition without N addition evidently promoted 
increases in the foliar N concentration and NRE, but P 
addition with N addition did not affect these variables 
(Fig. 1). This is because combined N and P addition can 
alleviate the limitations of N and P on plant growth and 
development, but the potential increases in foliar N 
Fig. 2 Effects of phosphorus (P) addition on foliar N concentrations at the plant community level and species level for different P addition rates, 
experimental durations, and plant growth types. a Effects without N addition (green solid dots) and b effects with N addition (blue solid dots). The 
solid dots with error bars represent the effects of P addition with the 95% confidence intervals, and the numbers outside and inside the parentheses 
represent the effect sizes and sample sizes, respectively. The heterogeneity between subgroups (Qb) represents the difference between each 
grouping variable (including the P addition rates, the experimental durations, the community and species levels, and the plant growth types), and 
** indicates that the effects of P addition with N addition on target variables are significantly different from the effects of P addition without N 
addition
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are insufficient to balance the foliar N used by plants, 
e.g., to increase plant biomass (Elser et  al. 2007; Har-
pole et  al. 2011; Li et  al. 2016). A previous study also 
demonstrated that the positive effects of P addition 
on aboveground biomass were stronger with N addi-
tion than without N addition (Li et  al. 2016). Second, 
the positive effect of P addition on soil P availability 
was greater with N addition than without N addition, 
whereas the opposite effect was found for foliar P con-
centrations. These results may be explained by the 
fact that N addition can increase the rate of release of 
organic matter (Knorr et  al. 2005; Lü et  al. 2013) and 
can alter phosphatase activity (Fujita et al. 2010) as well 
as mycorrhizal activity (Rowe et  al. 2008) to increase 
soil P availability. However, the effects of P addition on 
P consumption and dilution in plants might be greater 
with N addition than without N addition (Sardans et al. 
2016; Vitousek et al. 2010). These results suggest that P 
addition without N addition alleviates N limitation in 
plants, but compared to P addition without N addition, 
P addition with increased N deposition levels might 
aggravate the limitation of P in plants. Furthermore, 
these findings reveal that the relationship between 
foliar N and P is subject to complex coupling con-
straints, which can explain why a change in one nutri-
ent element might correspondingly alter the availability 
of another nutrient element.
Factors influencing the effects of P addition
We found that low-dose or short-term P addition with-
out and with N addition significantly increased the foliar 
N concentration (Fig.  2). This phenomenon reflects the 
fact that P addition can alleviate P limitation in ecosys-
tems (Li et al. 2016) and promote the N cycle (Yan et al. 
2015), but as the P addition rates and experimental dura-
tions increase, the ecosystem can gradually shift the 
nutrient limitation status of plants from P or N and P to 
N (Burson et al. 2016; Mischler et al. 2014). In addition, 
Fig. 3 Effects of phosphorus (P) addition on foliar P concentrations at the plant community level and species level for different P addition rates, 
experimental durations and plant growth types. a Effects without N addition (green solid dots) and b effects with N addition (blue solid dots). The 
solid dots with error bars represent the effects of P addition with the 95% confidence intervals, and the numbers outside and inside the parentheses 
represent the effect sizes and sample sizes, respectively. The heterogeneity between subgroups (Qb) represents the difference between each 
grouping variable (including the P addition rates, the experimental durations, the community and species levels, and the plant growth types), and 
** indicates that the effects of P addition with N addition on target variables are significantly different from the effects of P addition without N 
addition
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the positive effects of low-dose or short-term P additions 
on foliar P concentrations were greater without N addi-
tion than with N addition (Fig.  3). These results can be 
attributed to P addition enhancing plant assimilation, 
and long-term or high-dose P addition is sufficient to 
compensate for P deficiency in plants due to N addition 
(Cleveland et al. 2011; Li et al. 2016). These results might 
explain why the addition of one nutrient element does 
not immediately lead to the lack of another nutrient ele-
ment in plants (Finzi 2009), and further indicate that the 
biochemical processes in ecosystems can be altered by 
nutrient addition, which results in the relative limitation 
of other nutrients in plants (Marklein and Houlton 2012).
Additionally, we found that P addition without and 
with N addition affected the foliar N and P stoichi-
ometry at the community and species levels, but the 
effects showed significant differences among plant 
growth types (Figs.  2, 3, 4). This finding is supported 
by the following findings: first, changes in foliar N and 
P stoichiometry at the community level are mainly 
driven by the N and P stoichiometry of the dominant 
species (Grime 1998; Tessier and Raynal 2003). Second, 
the effects of P addition were significantly different 
among plant growth types, which is most likely due to 
their unique ecological and biological properties (e.g., 
nutrient use strategies, adaptabilities and nutrient-
limited conditions) (Tian et  al. 2019; Townsend and 
Asner 2013; You et  al. 2018). However, different from 
the effects on other plant growth types, P addition sig-
nificantly enhanced the foliar N concentration in ever-
green plants, and the effects of P addition on the foliar 
N and P stoichiometry in evergreen plants were greater 
without N addition than with N addition (Figs.  2, 3, 
4). Two mechanisms explain this phenomenon. First, 
in comparison with other plant growth types (particu-
larly deciduous species), evergreen plants utilize con-
servative nutrient use strategies and have lower leaf N 
concentrations and photosynthetic N use efficiencies 
Fig. 4 Effects of phosphorus (P) addition on foliar N:P ratios at the plant community level and species level for different P addition rates, 
experimental durations and plant growth types. a Effects without N addition (green solid dots), and b effects with N addition (blue solid dots). The 
solid dots with error bars represent the effects of P addition with the 95% confidence intervals, and the numbers outside and inside the parentheses 
represent the effect sizes and sample sizes, respectively. The heterogeneity between subgroups (Qb) represents the difference between each 
grouping variable (including the P addition rates, the experimental durations, the community and species levels, and the plant growth types), and 
** indicates that the effects of P addition with N addition on target variables are significantly different from the effects of P addition without N 
addition
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(Chapin et  al. 1980; Takashima et  al. 2004); thus, they 
can grow in barren and high-stress environments 
(Chapin et  al. 1980; Zamin et  al. 2014) and are more 
sensitive to nutrient changes (Chapin et al. 1995). Sec-
ond, P addition with N addition can alleviate the rela-
tive limitation of elements (Elser et  al. 2007), and can 
better enhance the assimilation of plants and the effects 
of biomass dilution on the foliar N and P concentra-
tions (Vitousek et al. 2010).
How plants maintain the balance of foliar N and P 
in response to P addition
We found that the foliar N:P ratios under P addition with 
and without N addition were not significantly different 
(Fig. 4). This result was obtained mainly because the N:P 
ratios changed by P addition with and without N addition 
reached the minimal value, as supported by the homeo-
static mechanism (Sterner and Elser 2002; You et  al. 
2018). These results are supported by the finding that the 
foliar N:P ratios did not increase with increasing P addi-
tion rates (Additional file  1: Fig. S4). In our study, the 
RR of the foliar N and P stoichiometry was mostly cor-
related with the soil P availability and PRE (Fig. 5, Addi-
tional file  1: Table  S2). The results indicated that plants 
can regulate their uptake of soil-available nutrients and 
nutrient reabsorption to maintain the balance of foliar 
N and P stoichiometry in response to P addition (Fig. 5), 
which is consistent with the findings from previous stud-
ies (Li et al. 2016; Rejmánková and Snyder 2008; Yan et al. 
2015). Additionally, we also found that the relative con-
tributions of the PRE to maintain the balance of N and 
P in response to P addition were smaller than those of 
the soil P availability. These results might be explained 
as follows: P addition improved the soil P availability and 
then regulated the PRE (Additional file 1: Table S2). For 
example, previous studies have found that P addition can 
induce plants to take up more P from soil, which reduces 
their dependence on the PRE (Mao et al. 2015; Yan et al. 
2015). Our PLS analysis also showed that regardless of N 
addition, the effects of P addition on foliar N and P stoi-
chiometry were strongly driven by the soil P availability 
and not by the PRE. Therefore, these results indicate that 
Fig. 5 Relationships of the response ratio (RR) of the foliar N and P concentrations and their ratios with the changes in the phosphorus (P) 
resorption efficiency (a–c) and soil P availability (d–f) under P addition without and with N addition. The black hollow circles and equations in the 
upper panel refer to P addition without N addition, and blue hollow circles and equations in the lower panel refer to P addition with N addition. The 
black and blue solid lines represent the fitted lines of the equations. The green and orange lines represent the fitted lines of the 95% confidence 
interval (95% CI)
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the soil P availability was more effective than the PRE in 
predicting the changes in foliar N and P stoichiometry in 
response to P addition.
Conclusions
Our study demonstrated that (1) P addition without N 
addition enhanced foliar N concentrations and NRE, 
but P addition with N addition did not affect these vari-
ables. The positive effects of P addition on foliar P con-
centrations were greater without N addition than with 
N addition, whereas the opposite effect was observed 
for the availability of soil P. These findings reveal that 
N enrichment can alter the foliar N and P stoichiom-
etry in response to P addition, which suggests that we 
should consider the effects of experimental background 
conditions on the experiment to better understand how 
global change affects plants. (2) Short-term or low-dose P 
addition with and without N addition can increase foliar 
N concentrations, and short-term or low-dose P addition 
induces plants to use P more efficiently with N addition 
than without N addition. These results suggest that the 
rates and durations of P addition regulate the effects of 
P addition on the foliar N and P stoichiometry. We con-
clude that experiments involving short-term or low-dose 
P addition might not provide convincing evidence that 
can be used to predict how long-term or high-dose P 
addition affects ecosystem processes, and more attention 
should be paid to the effects of long-term and high-dose P 
addition in future experiments. (3) The effects of P addi-
tion on foliar N and P stoichiometry were significantly 
Fig. 6 Relative importance of soil nitrogen (N) and phosphorus (P) availability and N and P resorption efficiency with respect to the response 
ratio (RR) of the foliar N and P concentrations and their ratios under P addition without N addition (a, c) and with N addition (b, d). The partial least 
squares (PLS) standardized coefficients show the directions and magnitudes of the effects of each variable on the foliar N and P concentrations 
and their ratios. Variable importance in projections (VIP) values greater than 1 indicated that the influence was significant at p < 0.05, and higher VIP 
values indicate a greater importance in determining the foliar N and P concentrations and their ratios. NRE N resorption efficiency, PRE P resorption 
efficiency, soil N soil N availability, soil P soil P availability
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influenced by geographic and climatic factors (Additional 
file  1: Table  S3) and plant growth type, suggesting that 
uniform standards for large-scale experiments involving 
nutrient addition along a rainfall or temperature gradient 
are needed to improve the predictions of how ecosystem 
processes will respond to global change. Together, these 
results indicate that increasing N deposition might drive 
the responses of the foliar N and P stoichiometry to P 
addition and demonstrate the important effects of the 
experimental environment on the results.
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